In order t o map the high a f f i n i t y binding s i t e for the v i r a l large-T protein on polyoma virus DNA, we have developpad an assay which does not require purified p r o t e i n . I t i s based on the specific elution of the large-T ATPase a c t i v i t y from calf thynus DNA cellulose by reccmbinant DNA molecules including known sequences of the v i r a l DNA. Using t h i s assay, a high a f f i n it y binding s i t e has been mapped on t h e early region side of t h e p r i region. Binding requires the i n t e g r i t y of a sequence /AGAGGC/TTCC/AGAGGC7~Tnucleo-t i d e s 49 t o 64 i n the DNA sequence of t h e A2 s t r a i n ) . Similar repeats of a PuGFuGGC sequence within l e s s than 20 bases are not found within the v i r a l coding regions, but a r e s t r i k i n g l y common in the control regions of papovaviruses and other eukaryotic DNAs.
INTRODUCTION.
The polyoma v i r u s large-T protein (1) a c t s as an i n i t i a t o r of v i r a l DNA synthesis (2, 3) and as a regulator of early mRNA synthesis ( 4 ) . The protein e x h i b i t s an ATP-phosphohydrolase (ATPase) a c t i v i t y and the a b i l i t y t o bind double-stranded DNA (5) .
Specific recognition of defined deoxynucleotide sequences by regulatory proteins was previously demonstrated i n a nvnber of prokaryotic systems (see ref. 6 and 7 for reviews). In the case of the eukaryotic SV40 v i r u s , i t was shown by R. Tjian (8, 9) t h a t both t h e adenovirus-SV40 D2 hybrid protein and the authentic viral large-T antigen bind sequentially to three sites in the region of the viral DNA where the replication origin (ori) had been previously localized.
The replication origin of polycma DNA was located a t 71 map units by electron microscopy and pulse labeling experiments (10) (11) (12) . The Hpall 3/5 restriction site chosen as the beginning of the numbering system for the polyoma virus sequence that we use throughout this paper (13) i s within the replication origin region (see Figure 4) . A sequence of close homology with the SV40 ori sequence occurs fran nucleotide 5264 to 14 and includes a large inverted repeat (13, 14) .
Studies on the binding of SV40 large-T protein to i t s DNA were greatly facilitated by the availability of SV40-adenovirus hybrids which produced large anounts of the protein (8, 9 ) . I t was thus possible to obtain sufficient quantities of highly purified material suitable for the study of i t s hi rifling to the viral DNA. There i s no analogous source of the polycma virus large-T protein, and, although i t has been extensively purified from infected cells (5) , only small amounts of protein could be obtained. He have therefore devised a competition method in which the DNA-binding proteins from crude extracts of polycma virus-infected 3T6 cells are first adsorbed to doublestranded calf thymus DNA cellulose. Proteins with higher affinity for defined sequences in the viral DMA can then be specifically eluted at relatively low ionic strength in the presence of subgencmic viral DMA fragnents, cloned and amplified in bacterial plasmids. Partition of the large-T protein between the cellulose-bound non specific sequences and the viral fragments in solution was monitored by assaying i t s ATP hydrolytic activity. This enzymatic activity was demonstrated previously to be associated with the large-T gene product on the basis of a series of stringent criteria: i t co-purifies with the large-T antigen, i t i s specifically inhibited by anti-polycma T antigen antibodies and i t exhibits an increased thermolability in vitro in the case of tsa mutants (5).
MATERIAL fflJD METHODS.
Cells and v i r u s e s , purification of polycma large-T protein; the cell l i n e s and c u l t u r e conditions, the virus s t r a i n s and the procedure for purification of polycma laige-T protein were described previously (5). ATPase assay: ATPase activity was assayed by the enzyme-coupled assay described by Gache e t a l . (15) . Molecular cloning of polyoma DNA molecules: the pBR322-polyoma recambinants l i s t e d in Table 1 were used. Map positions of subgencmic fragments are shown in Figure 3 . Plasmids pPY-1, pPY-2, pTS25E, pPC-2, pPC-10, pMC-2 and pMC-3 were constructed in our laboratory following the usual procedures (see ref 16 for review) (P. Q e r t a n t and M. Canning, unpublished r e s u l t s ) . Plasmids pKDH-3, RIDO-1 and pSVT-2 were kindly provided t o us by Drs. K. O'Hare, R. Zorob and T. Soussi respectively.
Deletion mutant plasmids of the pdl2000 s e r i e s (Table 1) were generated from f u l l -l e n g t h BamHI linear v i r a l DMA cloned in the BamHI s i t e of vector pAT153 by introduction of an Xhol linker into the PvuII s i t e a t nucleotide 5130 and subsequent Bal31 digestion frcm t h i s new unique cleavage s i t e . Each Large-T high affinity binding assay: ca 10 3T6 cells were infected with polyoraa virus at a multiplicity of 10 PFO/cell. They were lyzed in 2 ml of B buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM dithiotreitol, 10% (vol/vol) glycerol) containing 0.3 M KCL and 0.5% (vol/vol) NP 40. After 15 min at 0°C with occasional stirring, the extract was diluted 10-fold with B buffer containing 0.3 M KC1 and clarified by centrifugation (15,000 x g, 15 min). I t was then adsorbed batchwise on 1 ml of DNA-cellulose (packed volume), containing 1 mg of double-stranded calf thynus DNA, previously equilibrated in the same buffer for 2 h a t 0°C. DNA cellulose was poured into a 2 ml colunn and washed overnight with 40 ml of B buffer supplemented with 0.3 M K d . I t was resuspended in 10 ml of the same buffer, divided in aliquots (0.1 ml packed volume) and decanted. ELution was performed by adding 0.1 ml of B buffer containing 0.3 M KCL and DNA for 1 h a t 4°C. After centrifugation (11,000 x g, 2 min), the supernatant was filtered on glass fiber f i l t e r s and assayed for ATPase activity. DMA determination; concentrations were determined by ultraviolet spectrophctcmetry and ethidium bromide fluorescence after agarose gel electrophoresis.
RESOLTS.
Elution of polyoma virus large-T ATPase from calf thynus DNA-cellulose i n the presence of v i r a l DNA.
In the experiment shown in Figure 1 , a protein extract prepared from polyoma virus-infected 3T6 cells was f i r s t incubated with double stranded calf thynus DNA-cellulose. Protein binding to DNA-cellulose and subsequent washing were performed in the presence of 0.3 M KC1, below the nolarity which elutes large-T (5). The DMA cellulose was then incubated with the same buffer containing plasmid pBR322 DNA, then with a solution of polyoma virus DMA. For 1 mg of cellulose-bound calf thynus DNA, the amounts of DNA in solution varied from 5 to 10 ug. A significant level of ATPase activity was observed only in the fractions eluted in the presence of polyoma DNA. AS in the case of the purified large-T protein, this activity was inhibited (ca 80%) by preincubation with anti-polyana T antigen iiminoglobulins. Specific elution of the viral enzyme in the presence of polyoma sequences was confirmed by the fact that no further release of large-T ATPase activity was detected upon subsequent application of high ionic strength buffer (1 M KC1), which would normally elute a l l of the large-T ATPase from the DNA cellulose (5) .
Specificity and efficiency of large-T binding to polyoma DNA was nonitored by comparing the dose/response curves for a reccmbinant plasmid DNA that includes polyana sequences (pMC-3, see below) and a control DNA (pBR322). Results are shown in Figure 2 .
-i n -R Apparent Kg 5 v a l u e s were 7 x 10 M and 5 x 10 M f o r pMd-3 and pBR322 DNA r e s p e c t i v e l y . Assuming t h a t t h e r e i s o n l y one s i t e p e r DNA mole- cule (see Discussion), and using the method of Da Haseth e t a l . (17) for an estimation of the affinity of large-T for cellulose-bound DNA, the e q u i l ibrium dissociation constant of the laige-T-viral DNA complex was estimated a t about 2 x 10 M in 0.3 M KCL a t pH 7.5. In a l l cases, Hill numbers were very close to 1, thus indicating that there i s in fact one s i t e -or one class of s i t e s -per large-T molecule. All the following experiments were performed a t -9 a concentration of about 10 M DNA in solution, in order t o reduce t o less than 10% the level of non-specific binding (see Figure 2) .
No significant ATPase activity was eluted under these conditions by DNA of plasmid pSVI-2 (Table 2 ), t h a t carries the BstNI-G fragment of SV40 DMA. Table 2 ; Binding of large-T flTPase to various plasmid DMAs. It includes the three high affinity binding sites of the SV40 large-T protein (8,9,18) (T. Soussi and A.M. de Recondo, personal ccnminication). We can therefore conclude that, if polyoma large-T protein recognizes at all the SV40 ori region, it binds to these sequences with a relatively low affinity as compared with recognition of the ori region on the polycma virus genome.
Larqe-T ATPase is efficiently eluted from calf thymus EMA only in the presence of subgenanic viral fragments that include the ori site.
The experiment reported in Figure 1 was repeated using recombinant plasmid DNAs including various subgenanic polyoma fragments (Table 1 and Figure 3 ). Results listed in Table 2 indicate a clear partition of polyoma sequences between two classes, one of them, but not the other, competing efficiently with the cellulose-bound DNA for the binding of large-T.
All efficient canpetitors include polyoma sequences in the vicinity of figure 3 . Subgenomic viral fragments inserted in recanbinant plasmids. Dotted lines : distances from the Hpall 3/5 junction expressed in kilobases (KB).
the previously recognized origin of replication (71 map units from the EcoRI s i t e , close to the Hpall 3/5 junction a t position 5292/1) (10-12). The viral sequence that i s required for high affinity binding can be located from these data between nucleotides 1 (limit of the non-oonpetitor HpaII-3 fragment (plasmid pKOH-3)) and 99 (limit of the viral sequence in plasmid RIDO-1) (Figures 3 and 4) .
Localization of a prijnary recognition site between nucleotides 46 and 99. Bendig, Thomas and Et>lk (19) concluded from studies on viable deletions starting fran the Haell (nucleotide 84) and Bgll (nucleotide 87) sites toward the origin to the existence of a strict boundary at nucleotide 70 and suggested that "this boundary may demarcate a sequence which is of considerable importance to the virus". A remarkable sequence is in fact found just to the left of this boundary, within the high affinity region defined above. In polycma A2 DNA (strand in the sense of early mRNA), a direct repeat of two AGAGGC hexanucleotides i s found between nucleotides 49 and 64, separated by a group of four pyrimidines (TTCC) . A third AGAGGC sequence i s found immediately to the left a t nucleotide 38. The nucleotide sequence of polyoma A3 strain lacks the 11 nucleotides from 44 to 54, removing the first AGAGOC block of A2, but maintaining the /AGAGGC/TTCC/ AGAGGC/ repeat (13, 14) .
A requirement for this repeated sequence for the binding of large-T to the ori region could be evidenced directly. A recognition site for the MxiII endonuclease (GAAGA) is found in A2 DNA at nucleotides 34 to 38. The enzyme cleaves 8 nucleotides to the right of the 3 1 deoxyadenosine (20) , therefore at nucleotide 46 in A2 DNA, leaving intact the sequence /AGAGGC/TTCC/AGAQGC/ between nucleotides 49 and 64. Bf contrast, A3 DNA will be cleaved between the two AGAGGC blocks (Figure 4) . The assumption that the repeat is an essential part of the recognition site therefore leads to the prediction that binding of large-T ATPase to A3 DNA will be reduced or abolished after MXDII cleavage, whereas Moll fragments from A2 DNA should bind large-T as efficiently as the uncleaved DNA. This was precisely the result observed in the experiments reported in Table 3 . It was checked in all these experiments that the DNA in solution was extensively cleaved by the restriction endonuclease (data not shown). Deletion mapping of the recognition site.
A series of plasmids containing nearly full-length polyona virus DNA with internal deletions only in the ori region were constructed frcm strain A2 DNA cloned into vector pAT153 (C. Tyndall and R. Kamen, manuscript in preparation). An Xhol site, which does not normally occur in the viral or vector DNA, was inserted at nucleotide 5130 (a PvuII cleavage site), and used to obtain unique linear molecules. These were digested with Bal31 in order to produce deletions that extend for different lengths in both directions. Xhol linkers were re-introduced before circularization of the Bal31-treated linear molecules. Thus, the extent of the deletions could be accurately determined by separate double digestions with Xhol and other enzymes which cleave in nearby sequences. The limits of the deletions on the early region side were determined by restriction enzyme analysis and in some cases also by SI analysis of hybrids formed between jji vitro RNA transcripts of the deletion DNA and wild type single-stranded DNA probes. The critical deletions were more accurately positioned by DNA sequencing. We also include in this series a plasmid (pdl2020P) which lacks the small PvuII fragment (nucleotides 5130 to 5264) on the late region side of the ori sequence (Figure 3 ).
The various plasmid DNAs were characterized for their ability to elute specifically the large-T ATPase activity fran calf thymus DNA cellulose. Results presented in Figure 5 indicate that deletion of sequences between (Table 3 ) , which may be assimilated to a deletion mapping point. Stars indicate the position of the AGAGGC repeats.
the general area previously defined as origin of replication (ori) (10) (11) (12) . Although the protein is able to bind with a significant affinity to any double-stranded DNA structure (5), the stability of the specific complexes is several order of magnitude higher: the dissociation constant of the polyona large-T-ori DNA complexes may be estimated at about 1 0~^ M in 0.05 M K d . Determination of the actual number of sites per DNA molecule occupied by large-T at saturation requires further investigation. Our present results are compatible either with only one binding site including the 49-64 repeat, or with any number of sites, provided that binding to the primary site is a prerequisite for a possible high affinity binding to the other(s). The latter possibility is made likely by the known structure of the binding site of SV40 large-T (8, 9, 21) . It is made neoessary for polyana by the observation ( Table  3) that M»II cleavage at nucleotide 46 in A2 strain DNA does not interfere significantly with the binding of large-T, viiereas cleavage 11 nucleotides to the right in A3 strain DNA reduces the binding to background levels.
Experiments are in progress in order to identify possible secondary sites, by comparing the dose-response curves for various deletion matants. This approach i s made technically difficult by the limited levels of ATPase activity eluted at low DMA concentrations (see Figure 3) . Preliminary results indicate that deletion of sequences to the left of the primary site decreases the apparent affinity of large-T, suggesting the existence of one or two secondary sites in the immediate vicinity.
I t would thus appear that the primary interaction of polyoma virus large-T antigen with viral Dttt i s analogous to that previously found with SV40, in that the first binding site i s slightly on the early region side of the ori sequence and possible secondary sites occur in the direction of the late region. Such an interaction in the SV40 case is also involved in the other known biochemical activity of SV40 large-T protein, repression of early region transcription. The capped 5' ends of SV40 early rnRNAs (22, 23) lie within the T antigen binding sites. Moreover, binding at these sites has been directly shown to block the _in vitro transcription of SV40 early region (24) . By contrast, the high affinity binding site for polyoma large-T protein lies some 100 nucleotides upstream of the principal "Cap" sites and 70 nucleotides before the associated "TATA" box (see Figure 4) . From the data presented here, only secondary binding sites can occur in the vicinity of the "Cap" s i t e s . In this regard, i t i s striking that the "Cap" sites are within a sequence homologous to the major large-T protein binding site, but in the opposite orientation (see Figure 4 ): four repeats of GPuGGC, located 3, 4 and 5 nucleotides apart, are present between the "TATA" box (nucleotide 120) and the translational initiation codon at nucleotide 173.
These "GGC boxes" (sequences of the general type GPuGGC) are not repeated within 20 nucleotides or less in the coding sequences of either polyoma or SV40 or BK viruses. In contrast, they are far more frequent than the statistics would predict in the major non-coding region, between the late and the early initiation ccdons: 8, 6 and 11 such boxes are found in SV40, BK and polyoma genomes respectively, over 461 to 625 base pairs. One of these repeats, with a pyrimidine linker on the same strand, constitutes part of the primary binding sites for SV40 (/GGAGGC/Tg/GGAGGC/) (8) and polyoma large-T proteins (/AGAGGC/TTCC/AGAGQC/, this report). A similar sequence (/GCAGGC/CT 5 / TGAGGC/) i s observed in BKV DNA between nucleotides 5096 and 5113 (25) . I t i s tempting to speculate that this sequence i s that recognized by BKV large-T protein. I t s close similarity with SV40 site I would be in agrement with the observed complementation between BKV and SV40 early functions (26) . These sequences are different enough from the polyoma site to account for the fact that polyoma and SV 40 large-T proteins show neither cross-complementation in vivo (27) , nor cross-recognition of their binding sites in vitro (see Table 2 ) .
Such sequences are obviously not restricted to the large-T binding sites of polyomaviruses. PuGPoGGC repeats are for instance constantly observed in the mammalian (28) and avian (P. Chambon, personal communication) "Alu type" sequences, whereas an AGCAQGC box is repeated in the region of SV 40 DNA that was recently observed by Benoist and Chambon (29) to be required for the initiation of transcription. These "GGC boxes" might thus be used as basic words in the protein recognition sites of eukaryotic genomes.
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